Introduction This study aims to investigate the use of biplanar radiography for assessing congenital scoliosis due to hemivertebra in 3D. Materials and methods A reconstruction method was developed to model 3D spines with congenital scoliosis from biplanar radiography. 3D measurements quantifying the global posture, scoliotic deformities and imbalance and describing the shape and pose of the hemivertebra were automatically computed. Five cases of congenital scoliosis were analyzed and the accuracy of the method was evaluated by comparing 3D reconstructions from biplanar radiography with 3D segmentations generated from CT. Results The mean shape accuracy was 1.8 mm (1.5 mm for the vertebral bodies and pedicles and 2.2 mm for the posterior arches). Conclusion Biplanar radiography can be considered an interesting tool for clinical follow-up of congenital scoliosis as it overcomes some limitations of the analyses based on CT or anteroposterior X-ray: head to feet acquisition, low radiation dose and provides a set of automatically computed postural and morphological parameters in 3D.
Introduction
Diagnosis and treatment of congenital scoliosis remain a great challenge. The complexity of the three-dimensional (3D) deformations makes the diagnosis and the interpretation of such pathologies difficult. In particular, the evaluation of the deformity progression is fundamental for patient follow-up. Congenital curvatures may indeed be highly progressive and require surgical treatment.
Anteroposterior (AP) X-rays remain the gold standard for congenital scoliosis follow-up [1] . Cobb's angle is commonly used to assess the curve severity on AP radiographs. Lateral X-rays are used to quantify sagittal balance of the trunk by measuring the translation of vertebrae from the S1 or bicoxofemoral plumbline [2] . However, due to the superimposition of anatomical structures, the interpretation of spinal deformities based on conventional X-rays is not a trivial task. Moreover, analyzing congenital scoliosis based on radiographic images results in a two-dimensional interpretation of a pathology that is characterized by 3D patterns of deformity and imbalance.
Computer tomography (CT) provides a detailed visualization of complex bony deformities [3] . A CT-based morphologic evaluation helps to assess vertebral instability, fused segments and could improve the prognosis of the scoliotic curvature progression. In clinical practice, CT is often used for preoperative surgical planning [1] . However, CT remains mostly a tool for visualization and qualitative assessment purposes, rarely used for quantifying the bony deformations. Moreover, this imaging modality leads to important radiation doses for the patient [4] . Therefore, CT is rarely used for clinical follow-up of congenital scoliosis [1] . On the other hand, magnetic resonance imaging (MRI) is an interesting modality for studying the neural axis or the cartilage endplates but is less appropriate for assessing bony structures. Finally, both CT scan and MRI acquisitions are usually performed in supine position, which may underestimate spinal curvature and possible dislocations [5] .
Alternative methods based on biplanar radiography were recently proposed for the clinical analysis of idiopathic scoliosis [6] [7] [8] [9] [10] . Such methods provide a 3D reconstruction of the thoracic and lumbar spine together with quantitative clinical measurements within a processing time between 3 and 10 min [7] . They are particularly adopted in scoliosis follow-up, providing a three-dimensional analysis with the patient in standing position and a low radiation dose [11] . However, the study of congenital scoliosis using biplanar radiography has never been investigated. In fact, congenital malformations such as hemivertebrae present a broad spectrum of complex deformity, which requires the development of specific approaches.
The present study aims to investigate the use of biplanar radiography for assessing congenital scoliosis and hemivertebrae in 3D. Based on a previous work [7] , a reconstruction method was developed to model 3D thoracic and lumbar spines with congenital scoliosis. 3D measurements quantifying the global posture, scoliotic deformities and imbalance and describing the shape and pose of the hemivertebra were automatically computed from the 3D reconstructions. Five cases of congenital scoliosis were analyzed. The accuracy of the method was evaluated by comparing 3D reconstructions obtained from biplanar radiography with 3D segmentations generated from CT.
Methods
The clinical study design received approval of an independent ethic committee and written informed consent was obtained from all the patients. Five patients (2 boys and 3 girls, of 5-18 years of age) with congenital scoliosis due to single or multiple hemivertebrae were included in this study. CT scans were taken for all the patients for clinical followup purposes (for the assessment of congenital deformities or surgical planning). Three different CT devices were used slice spacing of 1.4 mm [1.0-2.0 mm]. Biplanar X-rays were acquired using the EOS imaging device (EOS imaging, Paris, France). This device performs a simultaneous acquisition of two orthogonal X-rays (AP and lateral), head to feet with a reduced radiation dose [11] . The acquisitions were performed in a standardized standing position [12, 13] .
3D reconstruction from biplanar radiography
A semi-automatic 3D reconstruction method was used to obtain subject-specific reconstructions of the thoracic and lumbar spine [7] . First, the operator digitizes the spinal curvature (a curve passing through the vertebral bodies), the T1 upper endplate and L5 lower endplate on both X-rays. A statistical model based on transversal and longitudinal inferences is used to provide an estimation of a 3D spinal shape. The model is projected on both X-rays so that the operator can perform fine adjustments of the vertebral models using control points (Fig. 1) . As soon as vertebrae are adjusted, the 3D spinal shape itself improves using the statistical model and quickly converges toward the subjectspecific reconstruction. In the present study, an additional process was introduced to deal with the congenital malformations and hemivertebrae. Based on the biplanar X-rays interpretation, the operator is asked to choose the anatomical features that constitute the hemivertebra: right and/or left pedicles, transverse processes, lamina or hemi-lamina and spinal process. The anatomical features not selected by the operator are automatically deleted from the generic model of vertebra, resulting in a generic model of the hemivertebra of the patient. Then, the operator identifies the upper and lower endplates of the hemivertebra by four landmarks in each radiograph. An estimation of the subject-specific 3D model of the hemivertebra is computed by deforming the generic model of the hemivertebra onto the selected landmarks [9] . The 3D hemivertebral shape is finally projected on both radiographs and adjusted in real time by the operator using control points (Fig. 1) . The whole reconstruction process takes about 30 min.
Clinical measurements
Measurements characterizing the global posture, scoliotic deformities and imbalances were directly computed from the 3D reconstruction: Cobb's angle, kyphosis, lordosis angles, pelvic tilt, pelvic incidence [7] and T1-spinopelvic inclination in 3D [14] . The precision of these parameters was previously reported with a 95 % confidence interval between 1.2°and 5.6° [7] . Measurements of the hemivertebral shape and position were computed:
• Hemivertebral deviation: transversal offset between the hemivertebral body center and a 3D curve passing through the centers of the all the vertebral bodies but the one of the hemivertebra • Hemivertebral wedging: angle between the upper and lower endplates.
Accuracy evaluation in comparison with CT
The method accuracy was evaluated by comparing the 3D subject-specific models obtained from biplanar radiography with 3D CT segmentations. Segmentations of the vertebral shapes were semi-automatically obtained from the CT scans using the software Amira (Mercury Computer Systems, Chelmsford, MA, USA). Since the field of view of the CT volume was set up on a reduced region of interest around the hemivertebra, the evaluation of the 3D reconstruction accuracy was limited to the hemivertebra and the upper and lower vertebrae. The comparison between the 3D reconstructions obtained from the two imaging modalities is not straightforward. In fact, because the patient was standing while performing the biplanar radiography and lying while acquiring the CT scans, the position of the bony structures was distinct between the two acquisition modalities. To be able to compare the 3D shapes extracted from biplanar radiography with the ones segmented from CT volumes, each vertebral model obtained from biplanar radiography was rigidly registered into the environment of its corresponding CT acquisition. To facilitate the registration process, AP and lateral X-rays were simulated by projecting the voxels of the CT volume. The reconstructed 3D shapes obtained from biplanar radiography were manually registered so that their projected contours match the contours of the simulated X-rays, resulting in reconstructed shapes registered onto their corresponding 3D CT segmentations. Finally, point-tosurface distances between the 3D registered shapes and the 3D segmentations from CT were computed to evaluate the shape accuracy of the reconstruction method.
Results
The 3D reconstruction method was evaluated with a mean shape accuracy of 1.8 mm and 2 Root Mean Square (RMS) errors of 5.2 mm (the 2RMS errors providing a 95 % confidence interval for the point-to-surface distances) (Table 1) . Generally, the less accurate reconstruction of the hemivertebrae posterior arch (mean error 2.2 mm, 2RMS 6.3 mm) resulted in a decrease of the whole reconstruction accuracy, whereas the vertebral body and pedicles regions were accurately reconstructed (mean error 1.5 mm, 2RMS 4.0 mm for the vertebral bodies and 3.7 mm for the pedicles). A visual comparison between 3D CT segmentations and 3D reconstructions from biplanar radiography is presented Fig. 2 . The CT segmentations of Patients 1, 2 and 4 presented several fusions between the bony structures in the hemivertebral region of interest, which was not modeled by the 3D reconstruction method from biplanar radiography. Therefore, the shape accuracy of fused vertebral endplates was not evaluated (Table 1) . Bony fusions between the hemivertebra and the upper and lower vertebrae were observed in Patient 1 CT volume. Although not modeled by the 3D reconstruction method from biplanar radiography, the reconstruction was quite accurate (whole vertebrae mean accuracy between 1.4 and 1.7 mm). Bony fusions were also observed between the upper and lower vertebrae in Patient 2 CT volumes. The lower accuracy of the upper vertebra (L1) can be explained by a rough reconstruction of the posterior arch (mean accuracy of 3.6 mm). The vertebral body reconstruction of the lower vertebra (L3), whose important deformations can be 2RMS 2 Root mean square errors, providing a 95 % confidence interval for the point-to-surface distances seen in the CT segmentations (Fig. 2) , was also slightly lower. The 3D reconstruction of Patient 5 was the most accurate (whole vertebrae mean accuracy between 1.2 and 1.5 mm), although the posterior arches of the hemi-vertebra and the lower vertebra were not appropriately modeled (Fig. 2, rear view) . In fact, the posterior arch of the hemivertebra was modeled with a hemi-lamina, whereas the CT segmentation showed that this hemi-lamina was connected to the lower vertebra and the hemivertebra lamina to the lower adjacent vertebra. The automatic computation of clinical parameters is illustrated for two patients in Fig. 3 (Patient 5 and Patient 2) and allows for a comparison of the congenital deformation patterns ( Table 2 ). The hemivertebrae of Patients 1 and 2 were located in the upper thoracic spine (T3 and T2, Table 2 ). Their deviation was lower than the one of the other patients (9 mm and 7 mm). Despite a similar deviation, the scoliotic curvature and the hemivertebra wedging were higher for Patient 1 than for Patient 2 (65°and 47°for the scoliotic curvature and 36°and 16°for the hemivertebra wedging, respectively). The kyphosis of these two patients was the lowest (6°and 10°), and much lower than the normality values (40°± 10°, as computed from 300 asymptomatic volunteers, from Vialle et al. [15] ).
Patient 2 presented also a second hemivertebra, located in the lumbar region (L2, Table 2 ), which can be compared with the hemivertebra of Patient 3. These two L2 hemivertebrae had quite similar deviations (17 and 19 mm) and wedging (21°and 20°). However, the Cobb's angle associated to Patient 2 (78°) was much higher than that of Patient 3 (32°). The lordoses of these two patients were the lowest (in absolute value, 20°and 9°), and much lower than the normality values (43°± 11°) [15] . Finally, Patients 4 and 5 presented hemivertebrae located in the lower thoracic region T11 and T12 (Table 2) . Their deviation was the same (15°) while the Cobb's angle associated to Patient 5 (37°) was higher than that of Patient 4 (21°).
Discussion
This study aimed to investigate the use of biplanar radiography for assessing congenital scoliosis due to hemivertebra in 3D. Congenital scoliosis due to hemivertebra is often associated with high scoliotic curvatures and complex morphological deformities, which complicates the reconstruction process from biplanar radiography. The anatomical landmarks of the 3D models ( Fig. 1) were sometimes difficult to identify on AP and lateral X-rays. This mainly explains the differences that were observed between the 3D reconstructions from biplanar radiography and CT (Fig. 2) . These differences are also due to the fact that the patients were not in the same position (supine for the CT acquisition, standing in the biplanar radiography device), which modifies the relative position of the vertebrae. Finally, several dissimilarities are also due to the fact that bony fusions (Patients 1, 2 and 4, Fig. 2) were observed in the CT volumes but not taken into account by the 3D reconstruction method from biplanar radiography. However, these bony fusions are apparent on AP or lateral X-rays and could, therefore, be considered to improve the 3D models used in the reconstruction process.
To evaluate the accuracy of the reconstructed shapes, a method was used to manually register the 3D models obtained from biplanar X-rays in the CT environment. Similar approaches [7, 9, 16, 17] have been previously used to evaluate the accuracy of 3D reconstruction methods from biplanar X-rays for patients with idiopathic scoliosis. These studies reported mean shape reconstruction accuracies between 1.0 and 1.4 mm (2RMS errors between 2.7 and 4.0 mm) for the whole vertebra region, and between 0.9 and 1.2 mm (2RMS errors between 2.2 and 3.0 mm) for the vertebral body and pedicles regions [7, 9] . The reconstruction accuracy evaluated in the present study was found to be slightly lower [with a mean (2RMS) accuracy of 1.8 mm (5.1 mm) for the whole vertebra region and a mean (2RMS) accuracy of 1.5 mm (4.0 mm) for the vertebral body region]. However, such results are promising, considering the complex morphological deformities that make the reconstruction process of congenital scoliosis much more challenging than reconstructing idiopathic scoliosis from biplanar X-rays, where the deformation patterns are smoother and present less discontinuity.
The evaluation of the method accuracy was also limited by the number of patient included in the study (n = 5), although the number of vertebrae from which the method accuracy was computed (n = 15) was appropriate. A more extensive study including other congenital deformation patterns would provide a deeper analysis of the versatility of the method. However, due to the rarity and disparity of congenital scoliosis, the gathering of additional patients with both CT and biplanar radiographic analyses was not possible in the present study.
CT remains a more accurate technique for the morphological assessment of the hemivertebra region of interest, for example, when surgical intervention requires a detailed pre-operative planning. However, for routine clinical follow-up, the radiation dose is an important issue and the lying position is not appropriate for quantifying the global posture, scoliotic deformities and imbalances of the patient. Moreover, the lying position can underestimate the severity of the curve and deviation of the hemivertebra, which are important parameters in the decision-making process for the treatment of congenital scoliosis [1] .
Therefore, low dose biplanar radiography could provide an interesting tool for clinical follow-up of congenital scoliosis, overcoming some limitations of CT-based analyses: head to feet acquisition in standardized standing position, low radiation dose and a set of automatically computed parameters quantifying the global posture, scoliotic deformities and imbalance and describing the shape and pose of the hemivertebra. In clinical routine, biplanar radiography could also be used together with CT as complementary approaches, in order to take advantage of both imaging modalities: CT for a local analysis of the morphology of the hemivertebra region and biplanar radiography for a global and postural analysis of the whole a 3D T1-Spinopelvic inclination, from Schwab et al. [14] b Mean and standard deviation computed on 300 sagittal radiographs of asymptomatic volunteers, from Vialle et al. [15] Eur Spine J (2013) 22:379-386 385 spine. Our future work aims at performing a more extensive clinical study, including patients with clinical follow-up, to evaluate the added-value of the method in a clinical routine context. To conclude, this study proposed a method for assessing congenital scoliosis and hemivertebrae in 3D using biplanar radiography, providing 3D reconstructions of the vertebral shape of the whole thoracic and lumbar spine and automatically computed parameters quantifying the scoliotic deformity and imbalances and the hemivertebra morphology. The method was evaluated against CT on five patients (15 vertebrae) with a mean shape accuracy of 1.8 mm. Future work aims at confirming the potential interest of the method for clinical routine use.
